The toxic effect of Lotus pedunculatus root flavolan towards fast-growing Lotus R hizobium strains NZP2037 and NZP2213 was found to depend on the growth phase of the Rhizobium cells. Exponential-phase (24 h) cells of NZP2037 were more resistant to the flavolan and were able to bind three times more flavolan than exponential phase cells of NZP22 13. Stationaryphase (72 h) cells of both strains were equally sensitive to the flavolan. The initial Rhizobium-flavolan interaction was bacteriostatic; this lasted for 4 to 5 h for stationaryphase cells of both strains and for exponential-phase cells of NZP22 13, but for approximately 10 h for exponential-phase cells of NZP2037. During this period flavolan bound to the surface of the cells causing aggregation of outer cell membrane components. Subsequently the cells became irregularly shaped and non-viable. R hizobium sensitivity to flavolan was not related to extracellular polysaccharide production or composition. Polyethylene glycol overcame the inhibitory effects of flavolan towards exponential-phase NZP22 13 cells if added before or at the same time as the flavolan.
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I N T R O D U C T I O N
Flavolans [also called condensed tannins (Goldstein & Swain, 1963) or proanthocyanidins (Haslam, 1975) l are an important group of plant secondary metabolites, due to their ability to interact with proteins, enzymes and certain polysaccharides (Kefeli & Kutacek, 1977; Jones & Mangan, 1977) . This interaction can inhibit enzyme activity, prevent degradation of protein by micro-organisms (Handley, 196 l) , affect plant growth by interacting with plant hormones (Corcoran et al., 1972) , and inhibit the growth of fungi (Swain, 1977) and of several bacteria (Henis et al., 1964; Rice & Pancholy, 1973; Lodhi & Killingbeck, 1980) including Rhizobium .
Flavolans are present in high concentration in the roots of Lotus species and are thought to influence nodulation of this legume . In vitro sensitivity of certain fast-growing Lotus rhizobia to these flavolans was related to their ability to form effective, nitrogen-fixing root nodules on different Lotus species. A representative strain, NZP2037, which formed effective nodules on L . pedunculatus, was more resistant to the flavolan present in the roots of this Lotus species than was strain NZP2213, which formed ineffective nodules (Pankhurst & Jones, 1979a) . The ability of strain NZP2037 to tolerate higher concentrations of this flavolan in vitro was associated with its ability to bind more flavolan than strain NZP2213 .
In this study the effect of the L. pedunculatus root flavolan on the growth and viability of strains NZP2037 and NZP2213 was examined, to elucidate the mode of action of the flavolan on these rhizobia.
Organisms and growth. The fast-growing Lotus Rhizobium strains NZP2037 and NZP22 13 were obtained from the Rhizobium culture collection, Applied Biochemistry Division, D.S.I.R., Palmerston North, New Zealand. Cultures were maintained on a mannitol/salts/yeast extract (M+) medium (Pankhurst, 1977) . A modified form of this medium (M-, with yeast extract replaced with sodium glutamate, 1.0: thiamin hydrochloride, 0.0005; biotin, 0-0005; calcium pantothenate, 0.01 g 1-I) was used as a minimal medium for growing the rhizobia. Rhizobium growth in this medium was followed by measurement of A,,, or by direct counts of cell numbers using a Thoma (Gallenkamp) counting chamber. Cell doubling times were calculated from the plot of log,,(cell numbers) against time (Meynelldk Meynell, 1970) .
Culture conditions for assaying the eflect ofjavolans on the growth of Rhizobium. Cultures of rhizobia grown in M-broth for different times (e.g. 24 h for exponential-phase cells; 72 h for stationary-phase cells) were harvested and washed by centrifugation (10 min at 20000 g, 4 "C). The bacteria were washed twice with M-broth and resuspended in M-broth to give an A600 of 0.01 (=lo7 cells ml-l). This suspension was diluted 10-fold and added (0.5 ml) to M-broth (4.5 ml) containing flavolan in a 17 ml culture bottle. The bottles were placed on a rotary shaker (100 rev. min-I, 28 "C). After 48 h the A,,, of the cultures was determined; growth was expressed as a percentage of growth in M-broth without added flavolan. The effect of polyethylene glycol (mol. wt 4000) (PEG) on the Rhizobium-flavolan interaction was determined by adding portions of membrane-filtered (0.45 pm pore size) PEG solution to the assay medium. Extracellular polysaccharide was sterilized (Pate1 & Gerson, 1974) before addition to the assay medium. To measure Rhizobium viability after exposure of the bacteria to flavolan for varying times, samples (0.1 ml) were removed from the culture bottles, diluted, and plated on to M-agar.
Flauolan-Rhizobium binding assay. Rhizobia grown in M-broth were harvested by centrifugation (10 min at 20000 g, 4 "C) washed three times with 0.1 M-potassium phosphate buffer pH 7.2 and resuspended in the same buffer to give 1 x 1O'O cells ml-I (total cell count). A portion of this suspension was then mixed rapidly with an equal volume of phosphate buffer containing flavolan. After mixing, the suspension was incubated at 28 OC. Samples (1 ml) were removed at various times and centrifuged (10 min at 20000 g, 4 "C). Portions of the supernatant solutions were removed and flavolan was determined by the vanillin/HCl method (Broadhurst & Jones, 1978) . Extracellular polysaccharide isolation and sugar ident@cation. Production of extracellular polysaccharide by rhizobia during growth in M-medium was determined by an anthrone method (Dudman, 1964) . To prepare bulk samples of polysaccharide, cultures in the stationary phase of growth were diluted with an equal volume of water and centrifuged: the extracellular polysaccharide was obtained from the cell-free supernatant solution by ethanol precipitation (Bailey et al., 1971) . Polysaccharide was hydrolysed with 0.5 M-H,SO, (0.1 mg ml-', 4 h at 100 "C) and hydrolysates were neutralized with BaCO,, filtered and concentrated by vacuum evaporation. Sugars were identified by paper chromatography (Bailey et al., 1971) .
Electron microscopy. To examine the morphology of exponential-phase and stationary-phase Rhizobium cells, portions of M-cultures were mixed with an equal volume of 5 % (w/v) glutaraldehyde in 0.2 M-potassium phosphate buffer pH 7.2. After 3 h at 20 "C the cells were sedimented (10 min, 6000 g, 20 "C) and the pellet was mixed with a small volume of 1 % (w/v) Ionagar (Oxoid). After solidifying, the agar containing the rhizobia was sectioned into small blocks (1 mm diameter) and prepared for electron microscopy as described by Craig & Williamson (1973) . When the effect of flavolan on Rhizobium morphology was studied, both treated and untreated control cells were sedimented and washed once with 0.1 M-potassium phosphate buffer pH 7.2 (to remove free flavolan) before being resuspended in the primary fixative (2.5 % glutaraldehyde in 0.1 M-phosphate buffer pH 7.2) and processed as above. Polysaccharides were located by incorporating 1% (w/v) Alcian blue in the primary fixative (Behnke & Zelander, 1970) . Isolation offlavolan. Flavolan was prepared from the roots of L . pedunculatus as described previously (Jones et al., 1976) , as an off-white polymer (prodelphinidin : procyanidin ratio 77 : 23; cis :trans stereochemistry 72 : 28).
R E S U L T S

Growth and polysaccharide production
The growth and extracellular polysaccharide production of R hizobium strains NZP2037 and NZP2213 in M-medium was followed over 6 d (Fig. 1) . When an actively growing (48 h) culture was used as an inoculum both strains showed exponential growth for approximately 48 h before entering stationary phase. Strain NZP2037 (average doubling time 5.3 h) grew slightly faster than strain NZP2213 (average doubling time 5.6 h) (Fig. 1) . Both strains produced similar amounts of extracellular polysaccharide, with a marked increase in the amount of this material per cell occurring at the onset of the stationary growth phase ( Time (h) Fig. 1 . Growth (total cell count) (-) and extracellular polysaccharide production (---) by Rhizobium strains NZP2037 (0) and NZP2213 (0) in M-medium. Relative growth in presence of flavolan at concn shown ( yg ml-'): 1). The monosaccharide content (glucose 55 to 58%, galactose 17 to 20%, uronic acid 12 to 15 %) of the extracellular polysaccharides of both strains was similar.
Eflect ofjlavolan on growth of Lotus rhizobia In the first experiment L . pedunculatus root flavolan was added to cultures of strains NZP2037 and NZP22 13 inoculated with either exponential-phase (24 h) or stationary-phase (72 h) cells. The flavolan was added 2 h after inoculation to give a final concentration of 100 pg flavolan ml-l. Immediately upon addition of the flavolan, growth of rhizobia in both the exponential-phase and stationary-phase inoculated cultures stopped (Fig. 2 a, b) . However, the rhizobia were still viable as indicated by their ability to grow in M-medium. This bacteriostatic effect of the flavolan remained for approximately 5 h for the exponential-phase cells of strain NZP22 13 when a sudden loss of cell viability occurred (Fig.  2a) . A similar loss of cell viability occurred with the stationary-phase cells of both NZP2037 and NZP2213 (Fig. 2 b) . In contrast, the bacteriostatic effect of the flavolan remained for approximately 10 h for the exponential-phase cells of strain NZP2037 before a decline in cell viability occurred (Fig. 2 a) .
In a second experiment NZP2037 and NZP2213 cells removed at various phases of growth ( Fig. 1) were grown in the presence of different concentrations of flavolan. Whereas the exponential-phase (24 h) cells of NZP2037 grew in the presence of 100 pg flavolan ml-l, stationary-phase (72 or 120 h) cells of NZP2037 and exponential-phase cells of NZP22 13 did not grow at flavolan concentrations above 25 pg ml-' ( Table 1) .
Inhibition of the jlavolan-Rhizobium interaction by polyethylene glycol and extracellular polysaccharide The above results suggested that extracellular polysaccharides would not be the receptor interacting with flavolan since (a) maximal production of extracellular polysaccharide occurred at the onset of stationary phase (Fig. l) , when sensitivity of NZP2037 was maximal, and (b) production of extracellular polysaccharide by both strains NZP203 7 and NZP22 13 was similar throughout the growth of these cultures (Fig. 1) . This was tested directly by the addition of extracellular polysaccharide isolated from NZP203 7 to cultures of NZP2037 and NZP2213 exposed to flavolan at 150 and 50 pg ml-' respectively. Although a slight protection was observed for both strains (Table 2), this was not considered sufficient to explain the differences found between exponential-phase NZP2037 and stationary-phase NZP2037 and NZP22 13 or exponential-phase NZP22 13 cells.
Polyethylene glycol (PEG) (mol. wt 4000) has been shown to inhibit competitively the binding of flavolan to plant proteins and salivary mucoproteins (Jones & Mangan, 1977 was of interest therefore to see if PEG would protect the rhizobia from the flavolan, and to compare the result with the effect of extracellular polysaccharide. In the first experiment, PEG (1 mg m1-I) was added to M-medium containing exponential-phase NZP2037 or NZP2213 cells at the same time as flavolan was added. At this concentration PEG was found to reduce substantially the inhibitory effect of the flavolan towards both strains (Fig. 3) . This was particularly noticeable with NZP22 13, which showed significant growth in the presence of PEG at flavolan concentrations that otherwise inhibited growth (Fig. 3) . If PEG was added to NZP22 13 cultures at various times after the addition of flavolan, it was found to give some protection, but this was dependent on both the time the cells had been exposed to the flavolan before PEG was added and also on the concentration of flavolan present (Table 3) . exponential-phase (24 h) (-) and stationary-phase (72 h) (---) ceils of strains NZP2037 (@) and NZP2213 (0).
Kinetics of binding offlavolan to NZP203 7 and NZP2213
The time course for binding flavolan for 5 x lo9 cells ml-' of exponential-phase and stationary-phase cells of NZP2037 and NZP2213 is shown in Fig. 4 . Initial binding of the flavolan by the exponential-phase cells of NZP2037 was rapid, with 20% of the flavolan present being bound within 60 s (Fig. 4) . These cells bound flavolan at an approximately linear rate for the next 4 h. In contrast, the stationary-phase cells of NZP2037 and both the Bactericidal eflect of Lotus flauolan 1573 exponential-phase and stationary-phase cells of NZP22 13 bound much less flavolan; the surface of these cells appeared to become saturated with flavolan after 1 to 2 h incubation (Fig. 4) . After 4 h incubation the exponential-phase cells of NZP2037 had bound three times more flavolan than the stationary-phase NZP2037 and NZP22 13 or exponential NZP22 13 cells (Fig. 4) .
Morphology of strains NZP203 7 and NZP22I 3 The morphology of exponential-phase and stationary-phase cells of NZP2037 was similar to that of NZP22 13. Exponential-phase cells of both strains contained more glycogen material but less poly-0-hydroxybutyrate than stationary-phase cells and stationary-phase cells had more extracellular polysaccharide associated with them.
One hour after the addition of flavolan to exponential-phase or stationary-phase cells of either strain aggregation of outer cell membrane components could be observed (compare Figs 5 a and 5 c with Figs 5 b and 5 d) . There was no noticeable effect of the flavolan on the internal structure of the cells at this stage (compare Figs 5a and 5b) . However, after 5 h incubation of the cells in the presence of flavolan they were found to have increased in size, their internal structures had become less well defined, and they were often irregularly shaped (Fig. 5 e) . This phenomenon was most pronounced with flavolan-treated exponentialphase cells of NZP22 13 (Fig. 5 e) . Similar, though less pronounced, swelling of the cells was observed with flavolan-treated exponential-phase cells of NZP2037 and with flavolan-treated stationary-phase cells of both strains.
D I S C U S S I O N
The ability of the fast-growing Lotus Rhizobium strain NZP2037 to grow in the presence of higher concentrations of the flavolan from L . pedunculatus roots than strain NZP2213 (Pankhurst & Jones, 1979a ) is shown in this investigation to depend on the growth phase of the Rhizobium cells. Exponential-phase (24 h) cells of strain NZP2037 were found to be three to four times more resistant to this flavolan than similar cells of strain NZP2213 (Table 1) . Stationary-phase (72 h) cells of both strains however, were equally sensitive to the flavolan ( Fig. 2a, b ; Table 1 ). The resistance of NZP2037 exponential-phase cells is probably due to the threefold greater capacity of these cells to bind flavolan (Fig. 4) , implying that a higher concentration of flavolan is required to completely inhibit cellular functions in these cells than in stationary-phase cells of this strain and in the corresponding cells of NZP2213.
The flavolan was found to have an initial bacteriostatic effect and then a bactericidal effect on the Rhizobium cells. With both Rhizobium strains, addition of flavolan to either exponential-phase or stationary-phase cells caused immediate cessation of growth (Fig. 2) . This was followed by a 5 h period (NZP2213 exponential-phase cells) and a 4 h period (NZP2037, NZP22 13 stationary-phase cells) during which the cells remained viable, and then by a sudden loss of viability (Fig. 2) . In contrast, NZP2037 exponential-phase cells remained viable for much longer (Fig. 2a) before a decline in viability occurred. It would appear that flavolan molecules which bind to the surface of the Rhizobium cells during the initial bacteriostatic phase (Fig. 4) prevent cell division. However, it seems that a threshold level of binding or saturation of the cell surface with flavolan molecules must be reached before cell death results, as cells removed from exposure to flavolan during the bacteriostatic phase remain viable. This threshold may represent a point at which all potential binding sites on the cell surface are saturated with flavolan.
Further evidence which suggests that inhibition of cell division by the flavolan results in cell death is that the duration of the bacteriostatic effect of the flavolan with exponential-phase cells of NZP2213 (5 h) corresponds approximately to the 5.6 h doubling time found for these cells in this phase of growth. The appearance of swollen, irregularly shaped cells (Fig. 5e) in exponential-phase cultures of NZP2213 after 5 h exposure to the flavolan supports this supposition. Henis et al. (1964) , in a study of the effects on the growth of Cellvibrio fulvus of tannic acid and a water-soluble extract of carob-pods containing flavolan, also obtained evidence that flavolans cause death of this organism by absorption of flavolan molecules on to the cell surface, causing an inhibition of cell-wall synthesis.
The reason for the differing abilities of NZP2037 and NZP2213 exponential-phase cells to bind flavolan molecules is unknown. It does not appear to be related to either the production or the composition of the extracellular polysaccharides produced by either strain (Fig. 1) . Extracellular polysaccharide from NZP2037 cells did not protect NZP22 13 exponentialphase cells against the flavolan as did polyethylene glycol, which has been shown to prevent the formation of protein-flavolan complexes (Jones & Mangan, 19 77) . Furthermore, extracellular polysaccharides of both NZP2037 and NZP22 13 did not bind significant amounts of flavolan (W. T. Jones, unpublished observations). Electron microscopy showed alterations to the outer cell membrane of flavolan-treated cells, probably caused by aggregation of certain membrane components. Presumably, therefore, the difference in sensitivity of NZP2037 and NZP2213 exponential-phase cells to the flavolan will be reflected in differences in the composition of the outer membrane.
The difference in flavolan sensitivity shown by NZP2037 and NZP22 13 exponential-phase cells could explain the differing abilities of these two strains to nodulate L . pedunculatus (Pankhurst & Jones, 1979a) . Flavolans are thought to be synthesized in the cytosol of plant cells (Hrazdina et al., 1978) . They are commonly seen as electron-dense deposits bordering the vacuole of root cortical cells and they have been observed in the walls and intercellular spaces of Ranunculus acris root cells (Scott & Peterson, 1979) . In Lotus species they are present in high concentration in the outer root cortical cells at the time of Rhizobium infection (Pankhurst & Jones, 1979a, b) . It is possible therefore that rhizobia are exposed to flavolans or their precursors during the early stages of infection thread formation and growth. The greater capacity of NZP203 7 exponential-phase cells to adsorb flavolan molecules at this stage of nodule development may therefore explain why NZP2037 is a successful symbiont with L. pedunculatus and NZP2213 is not. This observation, together with the demonstration that rhizobia are sensitive to a number of other secondary plant metabolites (Pankhurst & Biggs, 1980) , calls for more consideration to be given to the role of passive and inducible host defence mechanisms in root nodule development and R hizobiumlhost legume specificity.
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